The transcription factor Nuclear Factor Kappa B (NF-κB) has been shown to be cardioprotective after permanent coronary occlusion (PO) and late ischemic preconditioning (IPC), and yet it is cell injurious after ischemia/reperfusion (I/R) in the heart. There is limited information regarding NF-κB-dependent cardioprotection, and the NF-κB-dependent genes that contribute to the cardioprotection after PO are completely unknown. The objective of the study was to identify NF-κB-dependent genes that contribute to cardioprotection after PO. Microarray analysis was used to delineate genes that potentially contribute to the NF-κB-dependent cardioprotection by determining the overlap between the set of PO regulated genes and genes regulated by NF-κB, using mice with genetic abrogation of NF-κB activation in the heart. This analysis identified 16 genes as candidates for NF-κB-dependent effects after PO. This set of genes overlaps with, but is significantly different from the set of genes we previously identified as regulated by NF-κB after IPC. The genes encoding heat shock protein 70.3 (hspa1a) and heat shock protein 70.1 (hspa1b) were the most significantly regulated genes after PO and were up-regulated by NF-κB. Results using knockout mice show that Hsp70.1 contributes to NF-κB-dependent cardioprotection after PO and likely underlies, at least in part, the NF-κB-dependent cardioprotective effect. Our previous results show that Hsp70.1 is injurious after I/R injury. This demonstrates that, like NF-κB itself, Hsp70.1 has antithetical effects on myocardial survival and suggests that this may underlie the similar antithetical effects of NF-κB after different ischemic stimuli. The significance of the research is that understanding the gene network regulated by NF-κB after ischemic insult may lead to identification of therapeutic targets more appropriate for clinical development.
Introduction
One of the leading causes of death globally is cardiovascular disease, with most of these deaths being related to coronary heart disease, which includes acute myocardial ischemia [1] . Myocardial ischemia results in multiple biochemical and metabolic changes that include an imbalance between ATP/oxygen supply and demand, high intercellular calcium levels, cell death, and synthesis/release of cytokines [2] [3] [4] . These biochemical and metabolic changes occur during myocardial ischemia and reperfusion, result in the activation of transcription factors, for example, NF-κB [2] [3] [4] .
Previous in vivo studies have shown that NF-κB activation in the heart after various stimuli (e.g. ischemia/reperfusion, I/R and cytokines) occurs mostly in the cardiomyocytes [4] [5] [6] [7] . Studies using isolated rat cardiomyocytes induced by TNF-α resulted in NF-κB activation and expression of NF-κB-dependent proteins (e.g. protein A20) [8] [9] [10] . In contrast, cardiomyocytes transfected with mutated IκBα (S32A, S36A) or IκBΔN mutant (truncated IκBα, lacks IκBα phosphorylation sites) that block NF-κB activation, had an increase in cell death after TNF-α administration [8] [9] [10] . These results suggest that TNF-α activates NF-κB and provides cardioprotection. The mechanism behind NF-κB cardioprotection induced by TNF-α is unknown.
Both TNF-α and hypoxic stimuli are involved in the expression of stress-induced protein, e.g., heat shock protein 70 (Hsp72) in isolated adult feline cardiomyocytes [11, 12] . Isolated adult cardiomyocytes treated with antisense (AS) hsp72 oligonucleotide resulted in an increase in injury, suggesting that the expression of Hsp72 protected cells from hypoxia injury [11] . TNF-α pretreated cells were resistant to subsequent hypoxic injury. However, AS hsp72 oligonucleotide failed to abrogate the TNF-α cardioprotection [12] . In contrast, mutated TNF-α ligands for TNF receptor 1 (TNFR1) and 2 (TNFR2) blocked the cardioprotective effects of TNF-α during hypoxia [12] . These results suggested that TNF-α cardioprotective effects after hypoxia are mediated through either or both TNFR1 and TNFR2 [12] .
In 2000, Kurrelmeyer and colleagues subjected TNFR1/2 knockout (KO) mice to 24 hours coronary artery permanent occlusion, which resulted in a 40% increase in infarct size, compared to wild-type (WT) mice [13] . Interestingly, TNFR1 KO and TNFR2 single KO mice exhibited similar infarct size compared to WT mice after 24 hours PO, implying that TNFR1/2 are both required for the TNF-α dependent cardioprotection after PO [13] . The mechanisms behind TNFR1 and TNFR2 cardioprotection are unknown; however, one hypothesis is that NF-κB activation might contribute to the TNF-α cardioprotective effect [13] . In 2001, we showed that overexpression of a dominant-negative IκBα in the heart represses NF-κB activation [5] . Two years later IκBαΔN mice (cardiac-specific over expression of a dominant negative IκBα construct that inhibits NF-κB activation) were shown to have significantly increased infarct size after PO, suggesting that NF-κB is cardioprotective after PO [14] . In 2005, we showed, using genetic blockade of NF-κB, that NF-κB contributes to myocardial infarction after ischemia/reperfusion (I/R) injury [6] , and in 2010, we elucidated the NF-κB-dependent gene network that underlies the cardioprotective effects of NF-κB after late ischemic preconditioning (IPC) [15] .
As mentioned above, there is limited information regarding NF-κB-dependent cardioprotection in the PO model, and the NF-κB-dependent genes that contribute to this are unknown. An important question is whether the same genes underlie all NF-κB-dependent cardioprotective effects, for instance, after PO vs. after IPC. The objective of this study was to identify NF-κB-dependent genes that contribute to cardioprotection after PO.
We performed gene expression assays (microarrays and quantitative real-time RT-PCR, QRT-PCR) to determine genes that are up-or down-regulated after PO and dysregulated by genetic blockade of NF-κB. We identified 16 genes that likely constitute a NF-κB-dependent network activated after PO. Heat shock protein 1A (hspa1a/hsp70.3) and heat shock protein 1B (hspa1b/hsp70.1) were the most significantly regulated genes after PO and were regulated by NF-κB. Our results using knockout models showed that Hsp70.1 is a major contributor to NF-κB-dependent cardioprotection after PO. We discuss these findings in light of our recent discovery [15] that Hsp70.1 contributes to cell death after I/R injury. Delineation of NF-κB-dependent protective gene networks may result in identification of novel therapeutic targets for cardioprotective therapeutic strategies.
Materials and Methods

Animal models
All mice were bred and maintained in accordance with the University of Cincinnati Institutional Animal and Use Committee, and the Guide for the Care and Use of Laboratory Animals [16] . Cardiac-specific mutated IκBα (overexpressed the IκBα S32A, S36A cDNA in the C57B1/6J strain) dominant-negative mice (DN) have been fully characterized and demonstrated blockade of NF-κB after various insults [4] [5] [6] . The Hsp70.1 single knockout (Hsp70.1 KO) on the C57 background were obtained from Macrogen (S. Korea) and have been previously characterized [17, 18] . Hsp70.1/70.3 double knockout mice (Hsp70.1/.3 KO) have been fully characterized and demonstrate a lack of functional hsp70.1 and hsp70.3 genes on the B6129SF2/J strain (B129) [19] . All experiments were controlled for age (10-16 weeks), sex (both males and females), and mouse strain (C57 mice for Hsp70.1 controls, non-transgenic siblings (WT) as controls for DN, and B129 for Hsp70.1/.3 KO controls). Statistical analysis post hoc was used to determine if there was an effect on gender. As previously described, this analysis showed no effect of gender upon the results of these studies [6] .
Myocardial ischemia model
All mice were anesthetized with sodium pentobarbital (100mg/kg IP), intubated with polyethylene 90 tubing, and ventilated using a mini ventilator (Harvard Apparatus) to maintain the respiratory rate between 100 and 105 breaths/minute, as previously described [6, 20] . Briefly, a lateral thoracotomy was performed by making a 1.5cm incision between the second and third ribs providing access to the left anterior descending coronary artery (LAD) [6, 20] . Myocardial ischemia was achieved by tightening and tying a non-traumatic occluder to press against the coronary artery, and confirmed by visual observation (e.g. cyanosis) and continuous ECG monitoring [6, 20] . In the permanent occlusion model, the LAD was permanently occluded and the mouse chest was then closed in layers. Sham mice were subjected to the same procedures without tightening the suture; therefore no occlusion occurred [6, 20] . All mice were monitored during and after the surgery until they exhibited full consciousness.
Myocardial infarct analysis
Briefly, mice were euthanized, the aorta cannulated, and the heart perfused through the aortic root with 1% triphenyltetrazolium chloride (TTC) as previously described to determine the infarct tissue and risk region [6, 20] . To distinguish the non-risk region, the suture was re-tied at the site of occlusion and the heart was perfused with a 5% phthalo blue dye solution [6, 20] . Risk region, non-risk region and infarct region were measured using the method of Fishbein et al [21] .
Tissue isolation
Hearts were removed and rinsed in ice-cold RNase free PBS. The ischemic tissue or analogues region (sham mice) (15-30mg of LV tissue) were isolated, quickly flash frozen (liquid nitrogen), and stored at −80°C. Nuclear and cytoplasmic extracts from frozen ischemic tissue or sham tissue were used for Western blots as described in detail in the supplement methods section [6] .
Western blotting
Nuclear and cytoplasmic extract samples (20-30µg) were loaded in a 10-12% SDSpolyacrylamide gel. Proteins were transferred to 0.45-µm nitrocellulose (Amersham Bioscience Hybond-C Extra) or 0.45-µm PVDF membrane (Millipore), incubated with antibodies and developed using chemiluminescence (Perkin Elmer) as described in detail in the supplement.
RNA isolation
Total RNA was isolated from ischemic or sham tissue using an RNeasy Mini Kit (Qiagen, catalog # 74104) according to RNeasy Mini handbook (3 rd edition; June 2001) Appendix C (Protocol for Isolation of Total RNA from Heart, Muscle, and Skin Tissue). In addition, Proteinase K (20mg/µl) was used to digest proteins and inactivate nucleases. To remove DNA contamination, the RNeasy mini columns were treated with Qiagen RNase-free DNase. RNA quantity and quality were assessed by optical density (Spectronic Unicam Genesys 10UV) at 260 nm, and optical density ratios of 260/280 nm and 260/230 nm ratios respectively.
Microarray Analysis
RNA samples (1µg/10µL) were submitted to the University of Cincinnati Microarray Core for Agilent Bioanalyzer/Nanodrop analysis (Agilent 2100 Bioanalyzer) and samples with RNA integrity number (RIN) greater then 7 and Nanodrop analysis ranging from 1.7 to 2.2 for the 260/280 ratios were used for microarrays. As previously described, competitive hybridization to microarrays of labeled cDNA targets generated from 4 separate samples per group was performed with two dye flips performed per group [15] . Additional details on microarray conditions and analysis are discussed in the supplement section.
Genes that were significantly up-and down-regulated (P<0.01 and >1.5 fold) by NF-κB and/or after PO were subjected to in silica functional analysis using CLustering Enrichment ANalysis (CLEAN) [22] . Briefly, CLEAN is an open-source R package that performs hierarchical clustering of genes based on their expression profiles and set of functional categories, e.g. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genome (KEGG) pathway) [22] . Functional enrichment for each functional category (GO and KEGG) was determined by performing Fisher's Exact Test [22] .
cDNA synthesis and Quantitative Real-Time RT-PCR (QRT-PCR)
Synthesis of cDNA was carried out using 0.5 µg of total RNA and using an RNA-to-cDNA kit (Applied Biosystems, P/N: 4387406) according to manufacturer's instructions. cDNA quantity and quality were assessed by optical density (Spectronic Unicam Genesys 10UV) at 260 nm, and optical density ratios of 260/280 nm and 260/230 nm ratios respectively.
QRT-PCR was conducted with a Stratagene MX 3000P machine using a SYBR Green 2X RT-PCR master mix (Applied Biosystems, P/N: 430915) with a total reaction volume of 20µl. The thermocycling parameters were the following: 95° C for 10 minutes followed by 40 cycles of 90° C for 15 seconds, and 60°C for 60 seconds (with data collection at the end of 60°C step at each cycle) [15] . Primer sequences were determined by using Roche Applied Science Universal Probe Library Assay Design Software (ProbeFinder Version 2.45 Mouse) and were reconfirmed to be specific for the target gene by using a basic local alignment search tool (BLAST) (primer sequences in supplement section, Table 1S ). All reactions were performed in triplicate on each plate with a minimum of three independent replicates, and gene expression values were calculated using the difference in target gene expression relative to 18S mRNA using the 2-ΔΔCt method [15, 23] .
Statistical Analysis
Results are reported as mean± standard error of mean (SEM). Unpaired student t-test using the Bonferroni correction and a one-way ANOVA test were used. Differences were considered significant at P≤0.05. Power analysis (power = 0.95; α = 0.05) was used to ensure proper sample size needed to determine significance.
Results
NF-κB cardioprotection after PO
To identify the time period in which NF-κB-dependent cardioprotection occurs after PO, DN and WT mice were subjected to 4, 6 or 24 hours PO. After 4 hours PO, there were no significant differences in infarct size between DN mice (69.85%) and WT mice (69.35%) ( Figure 1 ). However, DN mice subjected to 6 hours (83.66%) or 24 hours PO (83.23%) displayed a significantly (P≤0.05) larger infarct compared to WT mice 6 hours (67.89%) or 24 hours PO (62.42%) ( Figure 1 ). DN mice exposed to 4 hours of PO (69.85%) exhibited a significantly (P≤0.05) smaller infarct compared to the 6 hours (83.66%) and 24 hours PO (83.23%) ( Figure 1 ). There were no significant differences in infarct size after 4 hours (69.35%), 6 hours (67.89%), and 24 hours (62.42%) between WT PO groups ( Figure 1 ). Our results suggest that NF-κB-dependent cardioprotection is initiated between 4 to 6 hours after PO.
NF-κB translocation after PO
Quantitative analysis of p65 nuclear and cytoplasmic levels reveled a small, but not statistically significant increase of NF-κB (p65) in the nucleus relative to sham starting at 1 hour after occlusion (1.76 fold), followed by a significant (P≤0.05) increase at 2 hours (2.72 fold) (Figure 2 ). Steady levels of p65 remained in the nucleus up to 4 hours post coronary occlusion (3hr: 2.97 fold and 4hr: 2.62 fold) (Figure 2 ).
Genes regulated during PO
A microarray approach employing the DN mice was used to determine genes that are likely to underlie the NF-κB-dependent cardioprotection after PO ( Figure 3A ). Microarray analysis was used to determine the set of genes that are significantly up-and down-regulated (P<0.01 and >1.5 fold change) after PO (e.g. comparison between WT PO vs. WT Sham), and genes that are up-and down-regulated by NF-κB in response to PO (e.g. comparison between WT PO vs. DN PO) ( Figure 3A ). The two gene sets (e.g. PO regulated genes vs.
NF-κB regulated genes) were overlapped to identify genes that most likely contribute to the NF-κB-dependent cardioprotection after PO ( Figure 3B ).
We found 565 genes (595 oligonucleotide probes) to be significantly regulated after PO (P<0.01 and fold change >1.5; WT PO vs. WT Sham) ( Figure 3B ). Out of the 565 genes, 435 were significantly up-regulated and 130 were down-regulated after PO. The most significantly up-regulated genes were heat shock proteins (e.g. hspa1a, hspa1b, and dnajb1) and transcription factors (e.g. egr1, fos, fosb, nr4a1, and atf3) (full list of genes see supplement section, Table S2 ). Functional annotation of the 565 genes according to GO term resulted in 255 significant GO categories (P<0.01) (see supplement section, Table S3 ). The most significantly regulated GO categories included: cell migration, response to stress, blood vessel development, inflammatory response, and cell adhesion (Table S3 ). There were 16 significantly regulated (P<0.01) KEGG pathways from the 565 genes. The most significantly regulated KEGG pathways included: MAPK signaling pathway, focal adhesion, and ECM-receptor interaction (Table S4) .
Genes regulated by NF-κB in response to PO
Microarray comparisons were performed between WT PO and DN PO (e.g. WT PO vs. DN PO) to identify genes up-and down-regulated by NF-κB in response to PO ( Figure 3A ). This resulted in 254 genes (266 oligonucleotide probes) that were significantly regulated (P<0.01 and >1.5 fold change) by NF-κB ( Figure 3B ). There were 134 genes that were significantly up-regulated (e.g. car3, cxcl5) and 120 genes that were significantly downregulated by NF-κB (e.g. cyp2b10, cdh22) (Table S5) . In silico functional analysis of the 254 genes showed a significant enrichment (P<0.01) for 39 GO categories (Table S6 ). The most significantly regulated GO-term categories were regulation of endocytosis and regulation of phagocytosis (Table S6 ). There were only two significant (P<0.01) KEGG pathways, which were metabolism of xenobiotics by cytochrome P450 (P=7.57×10 −5 ) and drug metabolism-cytochrome P450 (P=0.001) (Table S7) .
NF-κB cardioprotective network
Genes that were significantly up-and down-regulated after PO (565 genes, section 3.3) were compared to genes that were significantly up-and down-regulated by NF-κB in response to PO (254 genes, section 3.4). This delineated 16 genes in the overlapping set ( Figure 3B ). These 16 genes are candidates for the NF-κB cardioprotective network after PO ( Table 1) . Out of these 16 genes, 11 genes were significantly up-regulated after PO, including hspa1a, hsp90aa1, car3, 2810474019rik, plscr1, igfbp3, ptx3 and dkk3 ( Table 1 ). The three genes that were up-regulated after PO and were down-regulated by NF-κB were the following: edn2, ai605517, and myocd (Table 1) . Five out of the 16 genes regulated after PO and by NF-κB were down-regulated after PO ( Table 1) . Four of these genes that were also downregulated by NF-κB were ndufc1, sfil1, gm9783, and grhl2 (Table 1) . There was only one gene that was down-regulated after PO, but was up-regulated by NF-κB; it was ankrd9 gene ( Table 1) .
The most significant (P=1.80E-05) GO-term category in the group of 16 genes was regulation of nitric oxide biosynthesis processes, which included the genes hsp90aa1 and ptx3 (Table 2A) . The antigen processing and presentation pathway was the only KEGG pathway that was significantly regulated after PO and by NF-κB (Table 2B) . There were two genes that were grouped into the antigen processing and presentation pathway; they were hsp90aa1 and hspa1a (Table 2B) .
Gene expression patterns predicted by microarrays were quantitatively assessed using QRT-PCR to validate selected mRNA expression of two up-regulated genes plscr1, hsp90aa1, and one down-regulated gene, ndufc1 (Figure 4) . QRT-PCR analysis confirmed the increased expression of plscr1 (1.91 fold) and hsp90aa1 (2.17 fold) during PO relative to sham (2.10 fold, and 3.39 fold receptivity predicted by microarrays) (Figure 4 ). In addition, NF-κB suppression (DN) resulted in basal expression of plscr1 and hsp90aa1, indicating these genes are positively regulated by NF-κB in response to PO (Figure 4) . Microarrays (0.40 fold) and QRT-PCR (0.57 fold) analysis indicated that ndufc1 is down-regulated after PO compared to sham, but this was not reversed by NF-κB according to the QRT-PCR assay, in fact levels were further depressed by NF-κB blockade (Figure 4 ). Figure 5 ). Our results indicate hspa1a and hspa1b are both highly induced after PO and are regulated by NF-κB after PO.
Stress
To assess the functional role of hspa1b gene product (Hsp70.1) during PO, Hsp70.1 KO and control mice were subjected to PO. Hsp70.1 KO had a significantly (P≤0.05) larger infarct (84.95%) compared to WT/C57 (62.42%) after PO ( Figure 6 ). There was no difference in infarct size between Hsp70.1 KO (84.95%) and DN mice (83.23%) subjected to PO ( Figure  6 ). Since Hsp70.3 KO was not made available to us, we used the Hsp70.1/.3 double knockout mice to assess the functional role of hspa1a gene product (Hsp70.3). Hsp70.1/.3 KO mice had a significantly (P≤0.05) larger infarct (77.55%) compared to WT/B129 (64.66%) after 24 hours PO ( Figure 6 ). There were no significant differences in infarct size between Hsp70.1 KO mice (84.95%) and Hsp70.1/.3 KO mice (77.55%) ( Figure 6 ).
Discussion
There is controversy regarding the role of NF-κB in cell survival/cell death after ischemic insult. For example, NF-κB activation is cardioprotective after PO and after IPC [4, 6, 14, 15] . However, NF-κB activation is also associated with cell death after I/R [4, 6, 14, 15] . We previously have shown that the antithetical results of NF-κB are not due to specific mouse strains, differences in surgical models, or surgical technique [4] . From this data and the existing results in the literature, we developed the hypothesis that the regulation of different sets of NF-κB-dependent genes underlies the mechanistic basis of the differential effect of NF-κB upon cardioprotection vs. cell death after different ischemic stimuli [4] . Our objective was to identify the NF-κB-dependent gene network initiated after PO, to functionally validate components of this network, and to compare this with the NF-κB-dependent gene network that we already elucidated for late IPC [15] .
Apoptotic and necrotic cell death is initiated within 2 to 6 hours after an initial ischemic event [13, 14] . Misra et al., showed a significant increase in TUNEL positive cells in IκBαΔN mice compared to WT after 3 hours, with a further increase after 6 hours of PO [14] . These results suggest that NF-κB suppresses apoptotic cell death at 3 and 6 hours after PO and are consistent with our results that the major effect of cardiomyocyte-specific NF-κB abrogation upon infarct size occurs between 4 and 6 hours after coronary occlusion (Figure 1 ).
We hypothesized that NF-κB translocation into the nucleus occurs between 1 to 4 hours after PO, which, allowing time for primary gene expression, would explain the observation that NF-κB-dependent cardioprotection occurs within 4 to 6 hours after PO. NF-κB translocation to the nucleus was assessed by Western blot to quantify the amount of p65 in the nucleus after 1, 2, 3 and 4 hours after PO. There was a significant increase of p65 levels in the nucleus beginning 2 hours after PO with a steady level present to 4 hours PO ( Figure  2 ). These results suggested that NF-κB is activated 2-4 hours after PO and this would allow time for transcription and translation of genes required to suppress cell death by 6 hours after PO. Increased levels of mRNA from NF-κB-dependent genes are known to be detectable as soon as 60 minutes following NF-κB activation (early response genes), while intermediate and late primary target genes are highly expressed by 3 hours [24, 25] . In theory then, the peak regulation of the expression of the genes in question ought to occur between 4-6 hours after PO; therefore, we examined mRNA steady state levels after 5 hours PO in our model.
The main objective of this study was to identify genes that underlie the NF-κB-dependent cardioprotective effect after PO. Microarray comparison of mRNA levels between WT PO (5 hours) and WT sham (5 hours) mice resulted in 565 genes (595 oligonucleotide probes) significantly up-or down-regulated (P<0.01 and fold change of >1.5 fold) after PO (see supplement for details). Genes that were significantly up-and down-regulated after PO (565 genes) were compared to genes that were significantly up-and down-regulated by NF-κB in response to PO (254 genes). Comparison of the two sets of genes produced a set of 16 genes, candidates for contributing to NF-κB-dependent cardioprotection after PO (Figure 3 ).
Out of the 16 genes that were identified, four (4/16, 25%) (hsp90aa1, plscr1, ndufc1, and hspa1a) were chosen for validation of expression patterns predicted by our microarrays by QRT-PCR. These four genes were selected based upon the following criteria, representation of, 1) multiple expression patterns (both up-and down-regulated after PO and by NF-κB), 2) highly significant regulation after PO by NF-κB, and 3) likelihood of being involved in cardioprotection based on previous literature. In addition, we validated the mRNA expression level of hspa1b. The mRNA expression of, hsp90aa1, plscr1, hspa1a, and hspa1b were all confirmed by QRT-PCR to be significantly (P≤0.05) up-regulated after PO and by NF-κB (Figures 4 & 5) . Therefore we concluded that the hspa1b mRNA is up-regulated by NF-κB after PO (P=1.88×10 −11, fold over WT sham = 59.50), but was excluded by the array analysis as a false-negative. Expression levels of ndufc1 was confirmed by QRT-PCR to be significantly (P≤0.05) down-regulated after PO; however the QRT-PCR results suggested that, although levels dropped after PO, NF-κB significantly up-regulated ndufc1 after PO (Figure 4) . This is likely due to the relatively small change in ndufc1 mRNA levels.
Microarrays are considered to be accurate (up to 90%) in the identification of gene expression patterns (e.g. up or down expression level) [26] ; however QRT-PCR is considered to be more accurate in measuring the quantitative expression levels of transcripts [26] . In general, where the two quantitative measures differ, we consider the QRT-PCR value the more accurate. We conclude that although ndufc1 mRNA levels are reduced after PO, that NF-κB seems to positively regulate the gene and does not mediate the reduction.
Of these four validated genes, several were previously implicated in cardioprotection. Hsp90, was shown to be cardioprotective after myocardial ischemia by enhancing nitric oxide synthesis [27,28,] . Our microarray analysis showed the most significant (P=1.80E-05) GO-term category was regulation of nitric oxide biosynthesis processes, which included the genes hsp90aa1 and ptx3. Both have been previously shown to be up-regulated by NF-κB [29] [30] [31] , and are cardioprotective against myocardial ischemic injury [27, 28, 31] . The gene ptx3 is involved in the regulation of phagocytosis, one of the most significant GO term categories from our study. The genes hspa1a and plscr, were previously shown to be upregulated by NF-κB (via cytokine induction) [12, 32] , and may contribute to cardioprotection, perhaps by regulating apoptosis [11, 12, 32, 33] . The genes car3 and ndufc1, were not previoulsy known to be regulated by NF-κB or after ischemic stimuli. The ndufc1 gene, encodes an accessory subunit of the mitochondrial membrane respiratory chain NADH dehydrogenase and is likely involved in transferring electrons from NADH to the respiratory chain [34] . The car3 gene encodes carbonic anhydrase, is involved in pH regulation in the heart, and was previously implicated in adaptation to ischemia and hypoxia [35] [36] [37] .
Surprisingly, there were no bcl-2 anti-apoptotic gene family members that were significantly regulated by NF-κB after 5 hours PO. Misra et al. showed that Bcl-2 and c-IAP1 protein levels were reduced and suggested that this contributes to NF-κB-dependent cardioprotection after 1 hour PO. However, these investigators did not measure mRNA levels [14] . Perhaps these changes occur earlier, due to NF-κB inhibition, and are not due to NF-κB-dependent effects elicited by the ischemic stimulus.
Our microarray and QRT-PCR studies revealed that both stress inducible heat shock protein 70 (hspa1a and hspa1b) were highly expressed after PO and significantly (P≤0.05) upregulated by NF-κB ( Figure 5) . Previous studies have shown that hspa1b (Rat hsp72) mRNA levels increase after PO [38] . In the mouse, rat and human, the stress inducible Hsp70 locus encodes hspa1a (encodes for Hsp70.3) and hspa1b (encodes for Hsp70.1), which are located in the major histocompatibility complex (MHC) III region, and are about 7kb apart in a head-to-tail orientation [41] [42] [43] . Hsp70.1 and Hsp70.3 are >99% identical to each other with two amino acid differences in the human proteins, whereas in the mouse, Hsp70.1 has one additional proline amino acid near the C-terminal end [15, 17, [39] [40] [41] .
We employed Hsp70.1 KO and Hsp70.1/.3 KO mice (since, we were not able to obtain the Hsp70.3 KO) to investigate the individual role of Hsp70.1 and Hsp70.3 after PO. Hsp70.1 KO (C57) mice had a significantly larger infarct compared to WT (C57) mice; there were no significant differences in infarct size between the Hsp70.1 KO (C57) and DN (C57) mice ( Figure 5 ). This result, taken together with the NF-κB-dependent regulation of the gene encoding Hsp70.1 (hspa1a), suggests that Hsp70.1 contributes to the NF-κB-dependent cardioprotection observed after PO. The Hsp70.1/.3 KO had a significantly larger infarct compared to WT (B129) mice, and infarct size was not significantly different between the Hsp70.1 and the Hsp70.1/.3 KOs ( Figure 5 ). The relative contribution of Hsp70.3 after PO, though not directly measured, appears much less than Hsp70.1. However, the possibility of functional redundancy cannot be ruled out without the Hsp70.3 KO. Our results showed for the first time that Hsp70.1 (hspa1b) contributes to the NF-κB-dependent cardioprotective effect after PO.
Several studies, using various mouse models including Hsp70.1 KO, Hsp70.1/.3 KO and Hsp72 transgenic mice (Hsp70 TG) and various stressors, including myocardial ischemia, suggest that Hsp70 is protective [15, 17, [41] [42] [43] [44] [45] [46] . For example, the double Hsp70 KO (Hsp70.1/.3 KO) has been shown previously to abrogate late ischemic preconditioning [15, 41] . Hsp70.1 has been shown to be protective following ischemic stroke [17, 45] . In this study we show that, after PO, activation of NF-κB and increased expression of Hsp70.1 contributes to cell survival, reducing infarct size after PO. We previously showed opposing roles for NF-κB activation in PO vs. I/R [4, 6] . A recent study, by us, of NF-κB-dependent gene expression after late IPC demonstrated that Hsp70.3 plays a major cardioprotective role after late IPC, but that Hsp70.1 is pro-cell death after I/R without prior preconditioning [15, 46] . Our results [15, 46] suggest that the Hsp70.1 and Hsp70.3 are not simply redundant as has been assumed previously. The dissociation between mRNA levels and function that we observe may be due to post-transcriptional regulation, or to different relative avidities for binding partners. With regard to the latter, it is interesting to note that the single amino acid difference between the two Hsp70s is in the carboxy-terminus, which is known to be involved in some protein-protein interactions of Hsp70s [46] . However, due to the lack of antibodies specific for the various Hsp70s, we were unable to address this issue in the present study. Perhaps the antithetical action of Hsp70.1 in PO vs. I/R underlies the opposing effects of NF-κB (NF-κB paradox) in the ischemic models (PO vs. I/R) [46] . Nevertheless, the Hsp70s are unlikely to act alone in mediating the NF-κB effects after ischemic injury and there may indeed be post-transcriptional regulation of these gene programs that influences the functional roles of genes and gene combinations after these stressors.
In summary, our results were the following: 1) NF-κB acts after PO to limit infarct size and this myocardial salvage occurs between 4 to 6 hours after coronary ligation, 2) a significant amount of NF-κB is present in the nucleus starting at 2 hours and peaking at 3-4 hours after PO, 3) NF-κB-dependent up-regulation of Hsp70.1 is a major contributor to the NF-κB-dependent myocardial protection/salvage, and 4) microarray analysis resulted in the identification of 16 genes that are likely to be involved in NF-κB-dependent cardioprotection after PO. These 16 genes included both previously known NF-κB regulated genes (e.g. hspa1a, hsp90aa1, and plscr1) and genes not known to be regulated by NF-κB (e.g. car3, ankrd9, and ndufc1). We showed that NF-κB activation regulates different but overlapping gene programs depending upon the stimulus. The results of this study contribute significantly to our understanding the mechanism of NF-κB-induced myocardial salvage after PO, specifically, by the identification of a unique set of genes which may underlie it. The identification of NF-κB-dependent cardioprotective genes may result in the development of novel therapeutic targets to enhance cardioprotection during myocardial ischemia.
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